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An S-scheme heterojunction between Mn/Mg co-
doped BiFeOz and g-CsN4 nanosheets for
photodegradation of organic pollutants

Wei-Cheng Chen® and Xiaoding Qi {2 *aP

BiFe; 2,Mn,Mg,O3 (BFMM, x = 0—8%) was mixed with exfoliated g-CsN4 (GCN) to form a composite for
establishing an S-scheme heterojunction for photodegradation. BFMM was synthesized by sol-gel method,
and showed a decreased band gap from 2.24 eV to 1.75 eV as x increased from 0% to 7%, allowing a more
efficient absorption of sunlight. GCN was prepared by thermal polymerization of melamine and then
exfoliated to form nanosheets by sulfur acid in order to increase the specific surface area and thus increase
reaction sites. A composite with a weight ratio of BFMM/GCN equal to 1:3 was prepared by sintering the
powder mixture at 300 °C. Such a composite showed a greatly improved efficiency in photodegradation of
methylene blue, which was over 6 times faster than pristine BiFeOs, and the Mn/Mg co-doping improved
the efficiency by 48%. The Mott—Schottky plots showed that both GCN and BFMM are n-type
semiconductors with flat-band potentials of —0.79 and +0.11 V (vs. NHE), respectively. So, the band
alignment allowed the S-scheme to work, leading to an efficient separation of photogenerated electrons

rsc.li/rsc-advances

1. Introduction

As an environment-friendly technique, semiconductor photo-
degradation has been widely used to decompose organic
contaminants. Many transition-metal (TM) oxides, such as TiO,,
ZnO, CdS, WO;, etc., have been investigated for such a purpose.
However, there are some intrinsic limitations for these simple
TM oxides, in particular the large band gap, low carrier density,
and high recombination rate."* So, complex oxides have been
studied in recent years, among which are those containing
heavy p-block metals, such as bismuth (Bi), because of the good
photo-oxidation performance and efficiency for absorption of
sunlight.** The valence band (VB) of such complex oxides is
composed of hybridized O 2p and Bi 6s orbitals. The weak
bonding between the heavy-metal and oxygen atoms favours the
construction of a dispersive band structure, which elevates the
VB maximum, leading to a small bandgap of bismuth-
containing oxides (typically less than 3.0 eV).** BiFeO; (BF)
with a band gap around 2.2 eV is one of such Bi-containing
complex oxides, which has been studied extensively for photo-
degradation during recent years.***> However, despite the
advantages mentioned, more studies are needed for BF to
become a highly efficient photocatalyst. Firstly, as with most
oxide semiconductors, the recombination process is rapid in
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and holes, which was confirmed by the greatly increased photocurrents measured with the composites.

BF, which means that only a small number of photo-generated
charges can be retained for redox reactions. Secondly, although
BF has a relatively small band gap compared to many other
perovskite-structured oxides, it only absorbs a part of the
sunlight spectrum (<560 nm), so a further reduction in its band
gap is needed for enhancing the photodegradation efficiency.

In this work, BF was co-doped with Mn and Mg, ie.
BiFe; ,,Mn,Mg,03; (BFMM, x = 0-8%), in order to reduce the
band gap. Such a co-doping effect on band gap was reported
recently." BFMM was then mixed with g-C;N, (GCN, band gap
=~ 2.8 eV) to form a composite, in which an S-scheme hetero-
junction was expected to establish at the BFMM/GCN interface
for lowering the recombination rate. The S-scheme usually
consists of a reduction photocatalyst (RP) and an oxidation
photocatalyst (OP) with a staggered band structure,'* where the
photo-generated electrons and holes are kept in the conduction
band (CB) of RP and the VB of OP, respectively, because the
opposite charges in both sides of the junction (i.e., holes in the
VB of RP and electrons in the CB of OP) have been evacuated by
the cross-recombination at the RP/OP junction.** In this work,
BFMM acted as OP, while GCN took the role of RP. The BFMM/
GCN composites showed a greatly improved photodegradation
efficiency, which was well explained based on such an S-scheme
heterojunction.

2. Experimental

BFMM with the Mn and Mg doping level x = 0-8% was
synthesized by sol-gel method. The precursors included the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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powders of Bi(NOs);-5H,0 (=98.0%, Alfa Aesar), Fe(NOs)s-
*9H,0 (=99.0%, Showa Chemical), Mg(NO3),-6H,0 (=98.0%,
Alfa Aesar), and Mn (=99.5%, 325 mesh, Strem Chemicals). The
powders were weighed according to the stoichiometric ratios of
the metallic elements in BFMM and then dissolved in the acetic
acid (=99.7%) and ethylene glycol (=99.9%) solution, which
was blended with the volume ratio of 3 : 1. The solution, which
had the molar concentration of 0.25 M, was heated to 130 °C on
a hotplate and stirred at 300 rpm. The solution thickened
gradually and after about 4 h, an aerogel was formed. The aer-
ogel was then ground into powders and heated at 300 °C for
10 min to burn off the organic ligands. Afterwards, the powders
were calcined at 550 °C for 0.5 h to form the desired phase. GCN
was prepared by thermal polymerization of melamine
(=99.0%), Alfa Aesar), which took place at 550 °C for 4 h under
argon atmosphere. The obtained GCN was then exfoliated into
nanosheets by the following process. 1.0 g of the ground
powders of GCN was added into 20 ml sulfuric acid (=97%) and
heated at 90 °C with vigorous stirring. After about 5-6 h, a clear
yellow solution was formed, which was allowed to cool to room
temperature and then poured into ethanol (=99.5%). White
precipitates of the exfoliated GCN occurred, which were
collected by centrifugation and filtration. The nanosheets were
washed by ethanol and deionized water until pH around 7.

To form the composite, fine powders of both BFMM and
GCN were suspended in ethanol and well mixed by ultrasonic
vibration for 1 h. The powder mixture was dried and then
calcined at 300 °C for 1 h. The phase and microstructure of the
synthesized samples were characterized by X-ray diffraction
(XRD, Rigaku MiniFlex II) and transmission electron micros-
copy (TEM, Jeol JEM-2100F). The band gap was measured by the
ultraviolet-visible diffuse reflectance spectroscopy (Hitachi U-
4100), in which the reflectance spectrum was converted to the
Kubelka-Munk function, F(R«), and the band gap was ob-
tained by the Tauc plot. Photoelectrochemical property and
impedance analysis were carried out by a commercial electro-
chemical workstation (CH Instruments, CHI6273E) with
a standard three-electrode system. Pt wire and Ag/AgCl were
used as the counter and reference electrodes, respectively. An
aqueous solution of Na,SO, (0.5 M, pH = 7) was used as the
electrolyte. A solar simulator (Oriel LCS-100) with 100 W Xenon
lamp and AM1.5G filter was used as the simulated sunlight
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photodegradation, which were carried out at room temperature.
In the photodegradation experiment, the methylene blue (MB)
solution was prepared by dissolving 2.5 mg of MB in 250 ml
deionized water (i.e., 10 mg L™ "). 15 mg of the catalyst was then
added into 30 ml of such MB solution (i.e., 31.2 pmol L") with
the pH value being kept at about 7. The degradation rate was
monitored every 0.5 h by the ultraviolet-visible absorption
spectroscopy (Chromtech CT-2200).

3. Results and discussion

3.1. Phases and microstructures

Fig. 1(a) and (b) show the XRD patterns of BFMM (x = 0 & 6%),
which confirm that the samples belong to the rhombohedral
phase (R3m) of BF (PDF#74-2016). It is noted that a small
amount of the secondary phase, Bi,sFeO,, (PDF#46-0416), was
presented in the samples. Fig. 1(c) shows the XRD pattern of the
composite with the BFMM/GCN weight ratio of 1: 3, where the
great increase in the peak intensity at 20 = 28.0° came from the
contribution of GCN. This is apparent by comparison with the
XRD patterns for pure GCN, which are shown in Fig. 2(a) for
both the bulk GCN prepared by thermal polymerization and the
GCN nanosheets after exfoliated in sulfur acid. Only the (002)
peak at 20 = 28.0° was observed for GCN due to its layered 2D
structure, which was consistent with the XRD result given in
previous publications.>*

Fig. 2(a) indicates that compared to bulk GCN, the peak
intensity for GCN nanosheets reduced greatly with a notable
increase in peak width. This agrees with the crystallite-size-
related peak broadening in XRD. Based on the full-width at
half-maximum (FWHM), Scherrer equation can be applied to
estimate the crystallite dimension vertical to the reflection
plane,” which is actually the thickness in the case of layered
crystallites. As shown in the inset of Fig. 2(a), the FWHM of GCN
nanosheets was much larger than that of bulk GCN, indicating
a much smaller thickness, which was calculated to be about
5.5 nm. On the other hand, Fig. 2(a) also shows a peak shift to
higher 26 side for the nanosheets, indicating that the d-spacing
of (002) planes in the GCN nanosheets was shorter than that in
bulk GCN, presumably arising from a stronger bonding
between the pi-conjugated (002) atomic layers in the GCN
nanosheets. To further confirm that the exfoliation process was

source in the measurements of photocurrent and jpdeed effective, TEM was carried out and the results are shown
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Fig. 1 XRD patterns of (a) BF, (b) BFMM (x = 6%), and (c) BFMM/GCN (1 : 3) composite.
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Fig. 2 (a) XRD patterns of GCN bulk and nanosheets, inset: normali-
zation in intensity for comparison of FWHMs. (b)—(c) TEM image and
SAED pattern of bulk GCN. (d) and (e) TEM image and SAED pattern of
GCN nanosheets.

in Fig. 2(b)-(e). The exfoliated GCN (Fig. 2(d)) displays a clearly
different morphology from the bulk GCN (Fig. 2(b)). The former
can readily be recognized with the stacked flakes, which have
a much higher transparency due to their much thinner thick-
ness. Also, the spots in the selected-area electron diffraction
(SAED) are much weaker and more diffusive for the exfoliated
GCN (Fig. 2(e)) compared to the bulk GCN (Fig. 2(c)), as the
consequence of a very thin thickness.

Fig. 3(a) shows a TEM bright-field image of the composite
formed between BFMM (x = 6%) and GCN nanosheets (weight
ratio 1:3), in which the dark areas are BFMM while the light-
gray areas are GCN, as identified by SAED or nano-beam elec-
tron diffraction (NBED). Fig. 3(b) is the SAED pattern taken at
the area marked as 1-SAED (red circle) in Fig. 3(a), which
resembles Fig. 2(e) and is therefore confirmed to be GCN
nanosheets. Fig. 3(c) is the NBED pattern for the location
marked as 2-NBED (red cross) in Fig. 3(a), which matches very
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Fig. 3 TEM results for BFMM/GCN (1: 3) composite: (a) bright-field
image, in which the places where SAED and NBED were performed are
indicated, (b) SAED pattern taken at the area marked “1-SAED" (red
circle) in (a), (c) NBED pattern taken at the location marked “2-NBED"
(red cross) in (a), and (d) SAED pattern taken at the area marked “2-
SAED" (red circle) in (a).

well with the rhombohedral phase of BF (PDF#74-2016). The
diffraction spots in Fig. 3(c) are well-defined with high bright-
ness, signifying a high crystallinity of the small BFMM grains.
Fig. 3(d) is the SAED pattern for the area marked as 2-SAED (red
circle) in Fig. 3(a), which encompasses both the locations of
BFMM and GCN nanosheets. As expected, the pattern can be
recognized as the superposition of the patterns of BFMM and
GCN, i.e., Fig. 3(c) and (b), respectively, indicating that BFMM is
in direct contact with GCN and the secondary phase (Bi,sFeO,0)
observed in XRD did not occur at the junction between BFMM
and GCN.

3.2. Photocatalytic performances

Methylene blue (MB) was chosen as the organic pollutant for
testing the photocatalytic performances of the synthesized
samples, including BFMM (x = 0-8%), GCN nanosheets and
BFMM/GCN composites. The photodegradation efficiencies
were measured under the illumination of 100 W Xenon lamp
and the procedures were described in the experimental section.
Fig. 4(a) compares the decay curves of MB concentration in the
presence of each of the catalysts: BF (i.e., BFMM with x = 0),
GCN and the BF/GCN composites with different weight ratios.
The composites with the BF/GCN weight ratios of 1:3 and 1:1
give rise to a faster decay than either of the individual BF and
GCN. In particular, the BF/GCN composite with the weight ratio
of 1: 3 shows the most rapid decay in the MB concentration. So,
this ratio was later used to make the BFMM/GCN composite
catalysts for investigating the effect of Mn/Mg co-doping.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) The decay curves of MB concentration (C) for BF, GCN nanosheets and the composites with BF/GCN weight ratiosof 1:3,1:1and 3:1,
(Co: initial MB concentration). (b) In(Co/C) vs. t plots for the graphs in (a).

(c) Degradation rate constants (k) for the samples in (a). (d) The decay

curves of C/Cq for BFMM/GCN composites with the Mn/Mg content (x%) in BFMM varying from 0-8%. (e) In(Co/C) vs. t plots for the graphs in (d).

(f) The k values for the samples in (d).

The degradation kinetics of MB is well known to have the
type of pseudo-first-order reaction,'®" i.e., In(Cy/C) = kt, where
Cp and C are the MB concentrations at beginning (i.e., ¢ = 0) and
time ¢, respectively, and k is the degradation rate constant.
Fig. 4(b) shows the plots of In(Cy/C) vs. t, which have a fairly
good linearity for all the samples, indicating that they indeed
follow the pseudo-first-order kinetics. The rate constants ob-
tained from the slopes of the graphs in Fig. 4(b) are compared in
Fig. 4(c), which shows that the degradation rate for BF/GCN =
1:3 composite (k = 0.029 min ") is 2.2 times higher than GCN
(k = 0.013 min') and 6.4 times higher than BF (k =
0.0045 min~"). Fig. 4(d) shows the decay curves of MB concen-
tration in the presence of BFMM/GCN (1:3) composites of
different Mn/Mg co-doping levels in BFMM (x = 0-8%). The
In(Cy/C) vs. t plots of these samples are shown in Fig. 4(e),

1.0':' 4 [
S 1| test1 test 2 test 3
Q o0.5-
o :

0.0 ™ ) g ™T 1 T

0 3060901200 3060901200 30 6090120
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Fig. 5 Reusability tests for BFMM(x = 6%)/GCN (1: 3).

© 2023 The Author(s). Published by the Royal Society of Chemistry

according to which the rate constants are calculated and plotted
in Fig. 4(f). The k value increases generally with the increase in x
until x = 6% and then decreases as x increases further. The
numerical readings of k are 0.029, 0.035, 0.032, 0.037, 0.043,
0037 and 0.029 min ™~ for x = 0%, 3%, 4%, 5%, 6%, 7% and 8%,
respectively. The composite made with BFMM of x = 6% has its
rate constant improved by more than 48% compared to the
composite of BF/GCN (1: 3).

The reusability tests were carried out with the composite
sample BFMM (x = 6%)/GCN (1 : 3) and the results are shown in
Fig. 5, which indicates that there was little change in the
degradation curves after second and third reuses of the catalyst.
Photodegradations for two higher MB concentrations, ie.,
double and triple of the previous concentration, were also
measured and the results are presented in Fig. 6. Similar to
what was reported in many of the published works, higher
concentration led to somewhat lower efficiency.**** This may be
attributed to a higher light absorption of the solution with
higher MB concentration, which results in a reduced light
penetration through the solution to the catalysts.***' To confirm
that the catalysts developed in this study also work for other
organic pollutants, photodegradations of rhodamine B (RhB)
were measured with the composite BFMM (x = 6%)/GCN (1 : 3)
and the results are also shown in Fig. 6 to compare with MB,
which indicates that, similar to MB, it follows the same pseudo-
first-order reaction with a slightly lower degradation efficiency.

3.3. Photocurrent, band alignment and photocatalytic
mechanism

It is well known that photocatalytic degradation of organic
molecules/ions (e.g., MB) in a solution is associated with the

RSC Adv, 2023,13, 27738-27745 | 27741
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Fig.6 Photodegradation measurement results with BFMM(x = 6%)/GCN (1 : 3): (a) the decay curves of different MB concentration. (b) In(Co/C) vs.
t plots for the graphs in (a). (c) The decay curves of different RhB concentration. (d) In(Co/C) vs. t plots for the graphs in (c). (€) Comparison
between the degradation efficiency (after 120 min) for MB and for RhB at different concentration.

photogenerated electrons in CB and holes in VB of the semi-
conductor photocatalyst. The electrons in CB will be captured
by the adsorbed oxygen to form superoxide radicals (O, ),
attacking MB.>*** At the same time, the holes in VB will too
oxidize MB either directly or via ‘OH, which is oxidized from
OH" in water.”*® So, the degradation performance of the pho-
tocatalysts is closely related to their capability to generate
photocurrents. Fig. 7 shows the photocurrent density generated
under the illumination of the same light source as that used for
the above photodegradations. BFMM has a higher photocurrent
than pristine BF, which may be attributed to a smaller band gap
of the Mn/Mg co-doped samples and thus a more efficient
absorption of sunlight. As shown in Fig. 8(a), the band gap of

§ % — BF  —— BF/GCN
1%1076 - § ’n o gguM — BFMM/GCN
T l
g 17 F ; M~
.7_
gsxm (‘ r A
S ax107d || |
£ = — -
& 2x107- &F\ alalz
=
° 50 100
time (s)

Fig. 7 Photocurrent densities for BF, GCN nanosheets, BFMM (x =
6%), BF/GCN (1:3) composite, and BFMM (x = 6%)/GCN (1:3)
composite, which were measured under the same light source as that
used for the measurements in Fig. 4.

27742 | RSC Adv, 2023, 13, 27738-27745

BFMM (x = 0-7%) decreases as the Mn/Mg doping level
increases, varying from 2.24 eV for pristine BF to 1.75 eV for
BFMM with x = 7%. Fig. 8(b) shows the band gaps measured for
GCN bulk and nanosheets. Both have a similar value of about
2.85 eV. Fig. 8(c) shows the band gaps measured with the BF/
GCN composite, which indicate that both the band gaps of BF
and GCN remain almost unchanged. It is noted in Fig. 7 that
despite of a wider band gap, GCN nanosheets show a higher
photocurrent than BFMM. This may be resulted from a more
efficient charge separation in GCN nanosheets than in BFMM.
Nevertheless, the most notable increase in the photocurrent in
Fig. 7 is observed with the composite samples, which is far
higher than either of the individual BFMM or GCN, indicating
that the heterojunction between BFMM and GCN has
a profound effect on the generation of photocurrents.

To reveal the electronic band alignment at BFMM/GCN
junction, the flat-band potential (Vy;,) was measured by means
of the Mott-Schottky plot, i.e., C 2 vs. V (where C is the capac-
itance of space charge layer and V is the applied voltage). The
intercept to the V axis of the plot gives the value of Vy,, while the
positive or negative slope indicates whether the semiconductor
is n-type or p-type, respectively.>* Fig. 9 shows that GCN, BF and
BFMM (x = 6%) have the Vg, values of —1.4, —0.6 and —0.5 eV
(vs. Ag/AgCl) or —0.79, +0.01, +0.11 (vs. NHE), respectively. They
all have a positive slope and therefore belong to the n-type
semiconductor. Vg, is the Fermi level of a semiconductor with
reference to the redox potential of the electrolyte.>* For an n-type
semiconductor, its Fermi level is very close to the CB minimum
(CBM). So, if the small gap between Vg, and CBM is negligible,
the measured Vg, and band-gap can be used to align the elec-
tronic bands of GCN and BFMM, as shown in Fig. 10(a). Because
GCN has a higher Vg, (more negative) than BFMM, when the two
are in contact, electrons will flow from GCN to BFMM, resulting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Tauc plots for the measurement of band gaps: (a) BFMM with x
= 0-7%, (b) GCN bulk and nanosheets, and (c) BF/GCN (1:3)
composite.

in an upwards band bending of GCN and a downwards band
bending of BFMM, as illustrated in Fig. 10(b).

The heterojunction at the BFMM/GCN interface (Fig. 10(b))
may lead to a more efficient separation of photogenerated
charge carriers through the so-called S-scheme mechanism,* as
explained below. Upon light excitation, the electrons in GCN are
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promoted to CB, where the band bending drives them away
from the junction towards the opposite surface of GCN, while
the holes in the VB of GCN are driven by the band bending
towards the junction, where they accumulate because there
exists a potential barrier preventing them from entering BEMM.
At the same time, an opposite process takes place in BFMM
upon the light excitation, where photogenerated electrons in CB
accumulate at the junction, while the holes in VB are pushed
away from the junction by the band bending towards the other
surface of BFMM. A cross-recombination process then takes
place at the junction to drain the electrons and holes accumu-
lated at the CB of BFMM and the VB of GCN, respectively. It is
noted that the junction between BFMM/GCN is not in contact
with the solution, so such a recombination process does not
affect photodegradation efficiency but helps to retain the elec-
trons at the CB of GCN and the holes at the VB of BFMM for
photodegradation.

So, the greatly increased photocurrent and degradation
efficiency for BF/GCN (1 : 3) composite can be well explained by
the mechanism illustrated in Fig. 10(b). On the other hand, the
higher degradation rates for the composites made with the Mn/
Mg co-doped BF, compared to the composite made with pristine
BF (see Fig. 4(f)), are due to a better absorption of sunlight of
BFMM because of their narrower band gaps, as discussed
above. However, as shown in Fig. 8(a), the band gaps of BFMM
decrease constantly as x in BFMM increases from 0 to 7%, but
Fig. 4(f) shows that the degradation rates increase as x increases
from 0 to 6% and then decrease as x increases further. The latter
decrease in degradation rate may be explained as follows. As
shown in Fig. 9(c), the Mn/Mg co-doping only results in a small
change in Vj,. So, the reduction in band gap for BFMM results in
an upshift of VB, which is too much for the BFMM with x > 6%,
so that the position of VB is more negative than the *OH/OH "
redox potential (1.99 eV). As the result, less amounts of *OH are
produced for photodegradation of MB.

It is noted that BF/GCN composites have been reported in
several previous studies as the catalysts for water splitting,* or
for photodegradation of organic pollutants.>*~*° In most of these
publications, the mechanism for the increased catalytic effi-
ciency was discussed according to the band alignment under
the flat-band condition without considering the band bending
at the heterojunction, and therefore a different mechanism was
proposed, in which the photogenerated electrons are assumed
to flow directly from the CB of GCN to the CB of BF, while the

3x10° 5%10° b 3x10°
a o C / *
- ( ) 4 4x10° ( ) ..o ( ) /‘0...
9| 9| s
5 2x10 - 2x10 y
i ,f
o K 9.
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Fig. 9 Mott—Schottky plot for (a) GCN nanosheets, (b) BF, and (c) BFMM (x = 6%).
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holes flow from the VB of BF to the VB of GCN.>”"** If the band
bending at the junction is taken into account, there are poten-
tial barriers at both sides of the junction, which will hinder the
proposed charge flows. So, such a mechanism is less likely to
happen compared to the S-scheme proposed in Fig. 10(b).

4. Conclusions

Mn/Mg co-doping in BF resulted in a reduced band-gap in the
BFMM (x = 0.03-0.07) samples, leading to a more efficient
absorption of sunlight and thus an increase in photocurrent. A
S-scheme heterojunction was constructed between BFMM and
GCN nanosheets for more efficient separation of photo-
generated charge carriers that are indispensable in the photo-
degradation process. The Mott-Schottky plots showed that both
BFMM and GCN belonged to n-type semiconductor, which had
the flat-band potentials of —0.79 and +0.11 V (vs. NHE),
respectively. So, the band alignment allowed the S-scheme to
work, leading to a great increase in photocurrent and hence
a great improvement in the photodegradation efficiency of MB.
In particular, the composite with BFMM/GCN weight ratio of 1 :
3 showed a MB degradation rate over 6 times faster than the
pristine BF, and the Mn/Mg co-doping improved the efficiency
by 48%.
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